Detailed statistical analysis of the experimental data from testing of alumina-loaded epoxy (ALOX) composites was conducted to better understand influences of the selected compositional properties on the compressive strength of these ALOX composites. Analysis of variance (ANOVA) for different models with different sets of parameters identified the optimal statistical model as, (i=1,2) is the strain rate. Based on the optimal statistical model, we conclude that the compressive strength of the ALOX composite is significantly influenced by the three main factors examined: powder type, density, and strain rate. We also found that the compressive strength of the ALOX composite is significantly influenced by interactions between the powder type and the strain rate and between the powder volume concentration and the strain rate. However, the interaction between the powder type and the powder volume concentration may not significantly influence the compressive strength of the ALOX composite.
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Introduction
Alumina-filled epoxy, denoted ALOX, is a composite material consisting of a powder material, composed of hard polycrystalline alumina oxide (Al 2 O 3 ) particles, dispersed in a much softer epoxy matrix. A wide variety of ALOX composites can be fabricated by varying the type of alumina powder, volume concentration of powder, and epoxy type. Mechanical strength is an important property governing the suitability for use of these ALOX formulations as an encapsulant providing electrical insulation when subject to large mechanical stresses. A series of experiments was designed to measure the compressive strength under different strain rates., as indicated by peak stress, for different ALOX materials formed by varying parameters or factors (independent variables) controlling the composition. Figure 1 and Table 1 show the 2×3×3 factorial design scheme (Box et. al, 1978) used to study the effects on the compressive strength (dependent variable) due to a qualitative variable (powder type) and two quantitative variables (powder volume concentration and strain rate). In this study, we did consider the size of the specimens as a variable affecting the compressive strength of ALOX composites. Also, we only considered one epoxy type (Z-hardened Epon 828) due to lack of experimental data available for the other epoxy type (459-hardened Epon 826). Therefore, any effects on the compressive strength of the ALOX composites stemming from the specimen size and epoxy matrix were arbitrarily suppressed in the statistical analysis.
The compositional parameters, powder type and powder volume concentration, are controlled during fabrication of cylindrical ALOX billets. The two powder types investigated are denoted as T64 and AA18. The T64 powder type, produced by Alcoa, designates sintered and milled tabular α-alumina particles having the largest dimension primarily between 10-17 microns and the AA18 powder type, produced by Sumitomo, designates a faceted near spherical particle of α-alumina formed by vapor deposition with nominal diameter between 14.4-16.8 microns. The powder volume concentration in the ALOX composites was set to three levels: 38 %, 43 %, and 48 %. The test parameter, strain rate, is controlled by the test types and the test settings. Samples of the composite materials were tested at three strain rate levels: 10 -4 s -1 , 10 -1 s -1 and 2850 s -1 . The quasi-static uniaxial compression test (Figure 2a ) was conducted to obtain the shear response of the ALOX material at strain rates of 10 -4 s -1 and 10 -1 s -1 . Quasi-dynamic Split Hopkinson Pressure Bar (SHPB or Kolsky Bar) tests (Kolsky 1949, Figure 2b ) were conducted to obtain the shear response of the ALOX composites near a strain rate of 2850 s -1 . The quasidynamic strain rate in SHPB testing was largely dependent on the dynamic response of the specimen and was difficult to set exactly at the level of 2850 s -1 . Consequently, there was a variation at this level ranging from 2823 s -1 to 2990 s -1 .
A detailed statistical analysis of the experimental data from these tests on the ALOX composites will show that the compressive strength of the ALOX composites is significantly influenced by the three parameters examined and the interaction terms between the parameters. The refined final statistical model with density used as a covariate for the powder volume concentration shows an ability to predict the compressive strength of the ALOX composites with high degree of statistical confidence. This report describes the experimental test matrix designed for factorial analysis and statistical analysis of variances to reach the optimal statistical model to predict the compressive strength of the ALOX composites. *-The schematic of the test conditions is graphically described in Figure 1 . 
Strain
Analysis
In order to identify the major compositional influences on the compressive strength of ALOX and to investigate the interactions between the parameters, we employed a factorial design scheme. SAS (Statistical Analysis Software) Version 9 was used to carry out analysis of variance (ANOVA, see Appendix A) tests to determine whether the experimentally treated levels for each parameter made an impact on the experimental results (e.g. compressive strength of ALOX). ANOVA tests start with an over-parameterized linear model which includes the major independent parameters as well as the interactions terms. Statistically, significance of each parameter is tested and insignificant terms are dropped from the model to reach a final model which represents the experimental data.
Analysis of variance
We first consider the following 3 3 2 × × factorial model † : 
implies no main effect of the strain rate. Also implies no interaction between the powder type and the powder volume concentration, implies no interaction between the powder type and the strain rate, and implies no interaction between the powder volume concentration and the strain rate.
Since there is no replicated experiment for each combination of the factors, we assume that there is no three-way interaction. This assumption is checked in the ensuing analysis using different models, and it turns out to be a reasonable assumption for the given data. In model (1), the interaction term between the powder type and the powder volume concentration, that is and 1 d † The most general way of expressing the corresponding analysis of variance model is in Appendix A. We express the model in a different way using indicator variables so that the expression is consistent with the rest of the approaches that accommodate covariates. (Equation 2), all the main factors (T l , V jl , and S jl ) and interactive factors (T l S jl and V j S jl ) are significant at the significance level of α=0.1 (or with 90 % likelihood). If we use the higher level of significance of α=0.05 (or with 95% likelihood), the interaction term between powder type and strain rate (T l S jl ), which has a p-value of 0.0784 for testing , becomes insignificant (Refer to the SAS output of the ANOVA for model (2) in Appendix A). This result implies that the degree of interaction between powder volume concentration and strain rate (V
Based on these two analyses, we conclude the following:
1. The compressive strength of the ALOX composite is significantly influenced by the three main factors examined: powder type, powder volume concentration, and strain rate.
2. The compressive strength of the ALOX composite is not significantly influenced by the interaction between the powder type and the powder volume concentration.
3. The compressive strength of the ALOX composite is significantly influenced by interactions between the powder type and the strain rate and between the powder volume concentration and the strain rate.
The above statistical findings will be used to refine the statistical model with a density term replacing the powder volume concentration. The compositional and mechanical implications of the findings in relation to the compressive strength of the ALOX will be given in a later section. In the following sections we'll be introducing a material property of the ALOX (i.e., density) replacing the powder volume concentration, as a covariate.
Analysis of covariance with density as a covariate
Since the material density is highly correlated with the powder volume concentration (a correlation of 0.988 as shown in Figure 3 ), we use the density as a covariate for the powder volume concentration and consider the following model, is the independent variable for material density.
l D ‡ When the observed significance level, also known as the p-value is less than the level of significance, α, the test statistic is significant and the null hypothesis is rejected. We note that in this model, the discrete variable, powder volume concentration , is replace by the continuous variable, density , and thus the summation over the different categories of the powder volume concentration ( ) in (2) is no longer needed. We also note that the term represents the three-way interaction among the powder type, density and strain rate, and can be viewed as the proxy for the three-way interaction among the powder type, strain rate, and powder volume concentration in Model (1). In this model
implies no three-way interaction among the three main factors. As shown in the SAS output of the ANOVA for Model (3) in Appendix B, the estimates of and are found to be simultaneously insignificant with a p-value of 0.400. This supports the assumption of no three-way interaction among the three main factors in Model (1). Therefore, we drop the three-way interaction term from Model (3) and consider the following model. In this model the coefficient is found to be insignificant with the p-value of 0.7575 referring to the SAS output of the ANOVA for Model (4) in Appendix B, and thus there is no interaction between the powder type and the density. Therefore, we further drop the term and obtain the following model. This model is consistent with Model (2) in that the three conclusions drawn from Model (2) continue to apply with the density covariate replacing the powder volume concentration term. The estimates of the coefficients a , , , , and are all found to be statistically significant as indicated in the SAS output of the ANOVA for Model (5) in Appendix B. Since Equation (5) accounts for only the linear effect of the density, we tried an added squared density term into model (5) in order to check the second order effect of the density. However, as shown in the SAS output of the ANOVA for Model (5) with the squared density term in Appendix B, this effect is found to be insignificant with a p-value of 0.3155. 
Analysis of covariance with density and logarithm of strain rate as covariates
The strain rates investigated cover a broad range (10 -4 s -1 to 2850 s -1 ) and the three levels (10 -4 s -1
, 10 -1 s -1 , and 2850 s -1 ) we prescribed for testing are distributed rather uniformly. Therefore, we employ the following third approach with the logarithm of the strain rate as the second covariate.
where is the logarithm of the strain rate.
l S log
In this model implies no three-way interaction among the powder type, density, and strain rate. This in turn implies no three-way interaction among the powder type, powder volume concentration, and strain rate, and thus supports the assumption in Model (1). The estimate of g is insignificant with a p-value of 0.8470 (see SAS output of the ANOVA for Model (6) in Appendix B), and thus we drop this three-way interaction term and consider
In this model the estimate of d is insignificant with a p-value of 0.7803 (SAS output of the ANOVA for Model (7) in Appendix B), and we consider a further reduced model.
Model (8) is consistent with Models (2) and (5) in that there are all three main effects and the same two pairs of interaction terms. However in this model some effects (interactions between density and powder type) are found to be insignificant (see SAS output of the ANOVA for Model (8) in Appendix B), and this may be attributable to an incorrect model specification of the log of the strain rate.
Since the effect of the is not linear as evidenced by the plot shown in Figure 4 , we add a non-linear term, , to Model (8) and obtain the following Model (9). In this model implies no three-way interaction among the powder type, powder volume concentration, and the log of the strain rate. The estimates of and are insignificant with a p-value of 0.9829 as shown in Appendix B for the ANOVA for model (10). Thus, we drop this three-way interaction term. In further analysis, we find that the interaction between the powder type and the powder volume concentration is insignificant similar to the previous analysis with Model (1), and thus the term is deleted from the model. The squared term, ( )², is introduced to account for a possible non-linear effect, and the following model is fitted. (log log log log Similar to Model (9), the quadratic effect of the log of the strain rate is significant with a p-value less than 0.0001 (see SAS output of the ANOVA for model (11) in Appendix B). However the interaction between the powder type and the log of strain rate is less significant with a p-value of 0.1039. This is consistent with the result from Model (2), where the interaction between the powder type and the strain rate is moderately significant with a p-value of 0.0784.
Results
As summarized in Table 2 , the final Models (2), (5), (9), and (11) 
where is the measured compressive strength, is the predicted compressive strength from the final model, n is the number of tests, and p is the number of parameters in the model. 
From this general best-fit model we obtain a set of reduced models that relate the compressive strength to density for different powder types and strain rates. These models are summarized in Table 3 and the detailed output from MINITAB is listed in Appendix B as "Further analysis of Model (5)-Minitab". 
The compressive strength of the ALOX composite is not significantly influenced by the interaction between the powder type and the density. Because there is no interaction
between the powder type and the strain rate, the relationships between the compressive strength and the density for different powder types are parallel for the same strain rate. This finding is shown as the three groups of two parallel lines with the same color in Figure 5 . Within each group, the compressive strength of the ALOX composite with T64 powders shows higher compressive strength than the ALOX with AA18 powders. However, the rate of increase in compressive strength with respect to density is the same regardless of powder types used for the ALOX composites subjected to the same strain rate.
The compressive strength of the ALOX composite is significantly influenced by interactions between the density and the strain rate.
This interaction is shown as the three groups of data with the same color showing different rates of increase in compressive strength ( Figure 5 ). Regardless of different powder types used in the ALOX composites, the rate of increase in compressive strength with respect to density increases as the strain rate increases.
The compressive strength of the ALOX composite is significantly influenced by interactions between the powder type and the strain rate.
The effect of the powder type on the compressive strength of ALOX is different depending on the level of the strain rate, and vice versa. 
Conclusions
A 2×3×3 factorial design was used to study the effects on the compressive strength (dependent variable) due to powder type, powder volume concentration, and strain rate. Detailed analysis of variance (ANOVA) identified the optimal statistical model as follows: (i=1,2) is the strain rate.
Implications of the optimal statistical model to the compressive strength of the ALOX composites subjected to different strain rates are as follows:
1. The compressive strength of the ALOX composite with T64 powders shows significantly higher compressive strength than the ALOX with AA18 powders. The compressive strength of the ALOX composite increases with density and strain rate.
2. Within each group, the compressive strength of the ALOX composite with T64 powders shows higher compressive strength than the ALOX with AA18 powders. However, the rate of increase in compressive strength with respect to density is same regardless of powder types used for the ALOX composites subjected to the same strain rate.
3. Regardless of different powder types used in the ALOX composites, the rate of increase in compressive strength with respect to density increases as the strain rate increases.
4. The effect of the powder type on the compressive strength of ALOX is different depending on the level of the strain rate, and vice versa.
APPENDIX A Analysis of variance (ANOVA)
Analysis of variance (ANOVA) In the absence of replication, as in our experiment, the three-way interaction is not estimable and thus assumed zero, and the following model is considered:
This is a conventional way of expressing ANOVA models. In this model the sum of the terms representing the same type of effect is constrained to be zero, that is, for example and . Model (1) α represents the effect of the powder type T64 both from the overall mean. Then for the powder type AA18, the peak stress is 2 1 α µ α µ − = + and for the powder type T64, the peak stress is 2 α µ + in Model (A2) while in model (1) for the powder type AA18, the peak stress is δ and for the powder type T64, the peak stress is a + 24 † † Type III SS represent the marginal contribution of the corresponding term when this term is added to the model with all the terms listed except this term. Therefore given a model, Type III SS is useful to test for significance of certain terms (or effects). By definition Type I SS in the last line is the marginal contribution of that term in the presence of all the other terms, and thus identical to Type III SS in the last line.
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